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摘 要 
电化学学科历经 200多年的发展，其基础理论日趋完善，而且作为实用性极
强的学科在当今能源、材料、环境、生命等重要领域的应用中，电化学学科得到
了飞速发展，成为化学领域发展态势最引人注目的学科。随着化石能源快速消耗
和环境污染日益严重，特别是汽车工业快速增长，人类社会发展面临严峻的挑战。
为应对这一挑战，高效、清洁的电化学能源转换和物质绿色电化学控制合成将发
挥更加关键的作用，也面临更多的发展机遇。电化学涉及两相界面（固/液，液/
液，固/固，大多数情况为电极/溶液界面）的电荷传递，一个最显著的特点是存
在高达 108 V cm-1的界面电场。电催化是电化学的一个重要分支，其优势在于催
化剂与可控界面电场的协同效应，从而在常规条件下（常温、常压）通过改变界
面电场有效地改变电化学反应体系的能量，从而控制化学反应的方向和速度。 
采用电化学控制合成方法成功实现了具有高指数晶面结构的金属纳米催化
剂的制备，但是其表面二维生长的模式限制了催化剂的产量进而阻碍了催化剂的
实际应用。本文通过设计实验研究导电载体在电化学反应器中的电化学行为，发
现电场中的导电载体附近存在局域增强电势的新现象，利用微机电系统设计加工
具有明确微观结构的芯片用于局域增强电势特性的研究，提出了局域增强电势控
制合成的新原理，并将其应用到负载型金属纳米催化剂的连续控制合成中。取得
的主要结果如下： 
1. 搭建了电化学反应器中导电载体电化学行为研究的多通道测试平台，以
宏观尺度的玻碳和碳纸作为导电载体，悬空放置于电化学反应器中碳电极两侧探
测到远高于溶液欧姆降的电势差，观察到局域增强电势现象的存在。 
2. 利用MEMS技术设计并加工制备了具有明确微观结构的芯片，对局域增
强电势的特性进行深入研究。研究结果证实了局域增强电势的存在，其存在范围
大约在导电微粒周围 50μm范围内，并随距离的增加而显著降低。随着中间导电
微粒直径的增加，局域增强电势的幅度略有增加，至 100μm 时溶液欧姆降占主
导地位，局域增强电势的作用不再明显。局域增强电势的幅度和频率跟随外加方
波电位的变化，可以通过控制方波间接控制局域增强电势，进而可以控制导电微
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粒表面的氧化还原反应的发生。 
3. 通过实验探测和初步理论计算结合的方式，发现局域增强电势的现象可
拓展到微米尺寸的碳黑粒子表面，从而提出了局域增强控制合成负载型金属纳米
催化剂的新原理，即：在外部电场的作用下，碳黑两端诱导出局域增强电势，使
得碳黑两端金属离子的还原和碳的氧化成对发生，并伴随着氧在金属纳米粒子表
面的吸脱附，在方波电位的周期性处理下，形成具有高密度表面台阶原子的碳载
金属纳米催化剂。 
4. 基于局域增强电势控制合成原理，创建了电化学流动反应器系统，控制
合成出碳载高密度台阶原子的铂纳米催化剂(HDSA-Pt/C)。当 Pt 纳米粒子的粒径
控制在平均粒径为 4.1nm，拥有比商业催化剂高 41.6%台阶原子密度，当粒径大
于 20nm时呈现出明显的二十四面体形状。与商业催化剂相比，小粒径的HIF-Pt/C
催化剂上 CO的氧化电位提前 132 mV，且其对乙醇和乙二醇氧化的质量比活性
分别为商业 Pt/C的 1.5和 1.9倍，打断 C-C键的能力是商业 Pt/C的 1.7 倍左右。 
5. 基于局域增强电势控制合成原理的电化学流动反应器系统，可以应用于
其他不同合金纳米催化剂的连续控制合成。通过改变反应液组成，制备出具有较
高甲酸氧化催化性能的 PtPd/C 合金纳米催化剂。通过改变载体的种类，该系统
有望应用于其他材料负载的金属纳米催化剂。 
本工作的研究成果目前主要以专利的形式发表，在博士后工作期间获得美国
和日本国际发明专利授权，同时申请欧洲发明专利处于公开阶段。鉴于该工作具
有较强的应用价值，其前景展望可以灵活应用于各种金属纳米催化剂的合成，并
有望在电化学发光等电分析领域有所突破。 
 
 
关键词：局域增强电势；电化学控制合成；电催化；金属纳米催化剂；Pt/C  
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Abstract 
After 200 years development, the basic theory of electrochemistry has been 
perfected gradually thus it also has been widely used as a highly practical discipline. 
The application of electrochemistry in many important areas such as energy, material, 
environment and life make it developed rapidly and became the most striking 
discipline in the field of chemistry. The electrochemical reaction involves the charge 
transfer of the two phase interface with the most striking features that the strength of 
the interfacial electric field is up to 108 V cm-1. Therefore, the advantages of 
electrocatalysis lies in the synergistic effect of the catalyst and the controlled interface 
electric field which can control the direction and progress of reactions through 
adjusting the energy in the electrochemical reactor system. With the rapid 
consumption of fossil energy and the increasingly serious environmental pollution, 
especially the rapid growth of the automobile industry, the development of human 
society is facing severe challenges. In response to this challenges, electrochemical 
energy conversion and green electrochemical control synthesis of material will play a 
more critical role, and also face more opportunities for development. 
Electrochemically controlled synthesis was successfully used in the preparation 
of metal nanocatalysts with high-index facets, however, the two-dimensional growth 
pattern on the electrode surface limit the output of the efficient catalysts thus hinder 
the practical application of the catalysts. In this work, the electrochemical behavior of 
the conductive carrier in the electrochemical reactor was studied by means of 
experimental design and a new phenomenon of locally-enhanced interfacial potential 
(LEIP) existed around the surface of the conductive carrier was discovered. By 
employing the MEMS technique to fabricate the chips with clear microstructures, the 
character of LEIP was investigated while a new mechanism of LEIP controlled 
synthesis which was applied in the continuous synthesis of metal nanocatalysts was 
proposed. The main results are as following: 
1. A multi-channel test platform was build for investigating the electrochemical 
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behavior of conductive carriers in electrochemical reactor. Glass carbon and carbon 
paper with macro-size were firstly taken as the conductive carrier which were 
suspended in the electrochemical reactor for the detection of the potential difference 
between two sides of the carriers. The results showed that the potential difference 
between two sides of the carriers was much higher than that of the IR drop which 
indicted the existence of the LEIP phenomenon. 
  2. By employing the MEMS technique to fabricate the chips with clear 
microstructures, the character of LEIP was investigated more in depth. The results 
confirmed the existence of the LEIP phenomenon with a existent range within 50μm 
distance from the surface of the conductive particle which decrease as the distance 
increase. The amplitude of LEIP increased with the particle size until the diameter 
reach to 100μm after where the IR drop became higher than LEIP. The amplitude and 
frequency of LEIP varied with the variation of the applied SWP potential which can 
be adjusted to indirectly control the LEIP hence control the direction and progress of  
redox reactions on the conductive particles. 
3. Based on the combination of experimental exploration and preliminary 
theoretical calculation, the LEIP phenomenon was also existed on the surface of 
carbon particles dispersed in solution, and a mechanism of LEIP controlled synthesis 
for supported metal nanocatalysts was proposed: Under the action of outer electric 
field, LEIP was induced thus the reduction of Pt ions and the oxidation of carbon 
reacted on two sides of carbon particles; after the periodical treatment of SWP, carbon 
supported metal nanocatalysts with high-density step atoms were produced. 
4. Carbon supported Pt nanocatalysts with high density of step atoms 
(HDSA-Pt/C) have been produced by employing the electrochemical flow reactor 
system based on LEIP. When the obtained HDSA-Pt/C catalyst has an average 
particle size of 4.1nm, it possesses a density of step atoms enhanced by 41.6% 
compared with that of commercial Pt/C. When the particle size reached to 20nm, the 
Pt nanoparticles present obvious shape of tetrahexahedrons. Moreover, the 
HDSA-Pt/C catalyst possesses a much enhanced catalytic activity that it exhibits good 
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tolerability of CO and 1.5～1.9times higher catalytic activity than that of commercial 
Pt/C catalysts towards electrocatalytic oxidation of ethylene glycol and ethanol. 
5. The electrochemical flow reactor system based on LEIP controlled mechanism 
can also be used for the continuous synthesis of other different metal nanocatalysts. 
By changing the composition of solution, PtPd/C alloy nanocatalysts with excellent 
properties towards formic acid electrooxidation was prepared successfully. It is worth 
mentioning that metal nanocatalysts supported on other materials can be prepared by 
changing the type of the carriers. 
 
Keywords: Locally-enhanced interfacial potential, Electrochemically-controlled 
synthesis,  electrocatalysis,  metal nanocatalysts, Pt/C 
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